normal aging. 2,8a Unlike lamin A, progerin lacks the proteolytic cleavage site required for removal of its posttranslationally attached farnesyl moiety. 6 Progerin is postulated to remain associated with the inner nuclear membrane, unable to be released for degradation because of persistent farnesylation. [9] [10] [11] [12] The pathological effects of progerin farnesylation form the central hypothesis underlying treatment protocols using protein farnesylation inhibitors in HGPS. Preclinical studies administering farnesylation inhibitors demonstrated positive effects on both in vitro 11, 13, 14 and murine in vivo [15] [16] [17] [18] [19] progeria disease models. The preclinical data in support of farnesylation inhibitors was encouraging but complicated. With treatment, HGPS fibroblasts displayed improved nuclear morphology, gene expression, cellular lifespan, and nuclear stiffness. 11, 13, 14, 20 However, HGPS fibroblasts also exhibited the potential for alternative prenylation 18 and lack of improved sensitivity to mechanical strain 20 with farnesyltransferase inhibitor treatment. In vivo, several progeroid mouse models displayed improved phenotype 16, 18, 19, 21 and, in some cases, extended lifespan. 16, 18, 21 However, some mouse models display bone or neurological morbidity without overt CV morbidity, and cause of death is undetermined for any mouse model. Given the complicated preclinical results, extended survival in humans could not be assumed and could only be tested with adequate human cohort numbers and treatment duration.
The first human clinical treatment trial for HGPS administered the protein farnesyltransferase inhibitor lonafarnib for 2 years. 22 CV and neurovascular results demonstrated evidence for decreased vascular stiffness, 22 incidence of stroke, transient ischemic attack, and headache. 4 There was also evidence for skeletal and audiologic benefits. 22 Improvements occurred in some but not all subjects, and some disease phenotypes were not improved with lonafarnib. Trial duration was inadequate to test influence on survival. The second and currently ongoing trial added 2 additional medications to lonafarnib, also aimed at inhibiting progerin farnesylation. The statin pravastatin inhibits 3-hydroxy-3-methylglutaryl coenzyme A reductase, and the bisphosphonate zoledronate inhibits farnesyl-pyrophosphate synthase 18 ; each enzyme functions along the protein prenylation pathway (Figure 1 ).
Along with their influences on protein prenylation, both pravastatin and zoledronate affect disease in subjects without HGPS using mechanisms of action independent of the prenylation pathway. There exists both direct and indirect support for efficacy of these drugs specifically through inhibiting progerin prenylation in HGPS versus alternative mechanisms of action. In vitro, phenotypic improvements in progeroid mouse fibroblasts treated with pravastatin plus zoledronate are completely abolished when cells are allowed to specifically bypass the need for 3-hydroxy-3-methylglutaryl coenzyme A reductase and farnesyl-pyrophosphate synthase. 18 In vivo, statins were shown to exert beneficial CV effects through mechanisms distinct from their effect in lowering cholesterol and low-density lipoproteins. 23 Additional statin effects were demonstrated in pathways of inflammation, immunomodulation, and thrombosis. However, the usual target pathways of statins do not appear as significant components in the HGPS population. Children with HGPS exhibit normal values for serum total cholesterol and low-density lipoprotein, serum high-sensitivity C-reactive protein, 24, 25 and arterial intimamedia thickness 3, 25 and demonstrate no overt evidence of endothelial dysfunction. Finally, zoledronate exhibits its major effects by decreasing bone resorption and ultimately improving bone density. 26 Although both bone density and skeletal morphology are affected in HGPS, 27 fracture rate is normal 28 and subjects do not die from bone disease. Thus, influence on HGPS lifespan in humans stemming from zoledronate would likely be attributable to effects outside of the skeletal system.
Assessing change in population survival attributable to treatment necessitates a robust analysis of the untreated HGPS comparison population. Two studies estimated mean survival for this disease group at 13.4 29 and 12.6 1 years based mainly on literature searches. Neither included subjects who were living or lost to follow-up (censored data), nor did they generate survival curves. HGPS was defined by clinical phenotype, which is consistent and unique from non-progerin-producing progeroid laminopathies. The main differential diagnosis for HGPS includes mandibulo-acral dysplasia and restrictive dermopathy, which are both attributable to alternative mutations in LMNA. These are both quite distinct in appearance, so there is little possible confusion with the classic HGPS. 30 When genotype was known, all positive cases by phenotype contained a progerin-producing mutation in the LMNA gene. Although exclusion of non-progerin-producing laminopathies is reliably accomplished using phenotype in the absence of genotype, there are cases in which the splicing mutation yields very low levels of progerin and a clinically different phenotype that is not categorized as HGPS. 31, 32 These subjects were not included in the analysis because they are considered non-HGPS by phenotype.
Statistics
Drs Massaro and D'Agostino performed all statistical analyses. Demographic characteristics are presented with counts and percentages and compared between groups using Fisher's exact test. Untreated patient survival age was estimated by the Kaplan-Meier method. Untreated subjects living as of the start of data analysis and subjects appearing in a published report living at the time of the report but then lost to follow-up (see Table I in the online-only Data Supplement) were censored at the time of their last-known living age. Treatment trial subjects were included as part of the untreated cohort until age of treatment initiation.
Cox proportional hazards regression was used to compare treated and untreated (ie, never treated) groups for survival. To control for potential confounding variables, sex and age matching was performed, and the untreated subject pool included only those born on or after 1991, the year on or after which all treated subjects were born. For every treated patient, all untreated subjects of the same sex who were alive at the age when the treated patient began treatment were identified; from this group of untreated subjects, 1 was randomly selected and used as the matched untreated patient in the analysis. Once an untreated patient was matched to a treated patient, the untreated patient was no longer available for matching. Patient follow-up began at time 0, in which time 0 is set to the age of treatment initiation for the treated patient in the matched pair. Supportive analyses were performed in which all subjects were followed from birth and placed at risk at the age of treatment initiation. Age, sex and continent of residency were included as covariates in these Cox models.
Treated and untreated subjects born on or after 1991 were compared using treatment (yes/no) as a time-dependent covariate, in which all treated subjects were considered untreated until time of treatment initiation and in which sex and continent of residence were included as covariates. For at least the first 2 years of age, all subjects are untreated, yielding 0 treated subjects during this timeframe and 8 treated subjects through approximately ages 0 to 4 years. In other words, although all subjects (treated and untreated) are theoretically placed at risk for mortality at birth in the time-dependent analysis, in reality, the treated subjects are only truly at risk at the age they began treatment, which was at least 2 years of age for all treated subjects, theoretically yielding a survival advantage in at least the first 2 years of life for the treated patients over the untreated patients. The survival advantage was not large, because only 1 untreated patient born after 1991 died before 2 years of age; nevertheless, for this potential bias in favor of the treated group, we considered the time-dependent analysis as supportive.
Hazard ratios (HRs) and their 2-sided 95% confidence intervals (CIs) for mortality in treated versus untreated were calculated. Sensitivity analyses were conducted by removing or censoring subjects with various confounding variables listed in Results.
Estimated extension in mean survival with treated versus untreated subjects was calculated by comparing areas under the treated and untreated Kaplan-Meier curves for the matched sample set.
Statistical analysis was performed using SAS version 9.3 and STATA version 12. P values are 2 sided and deemed significant at 0.05.
Results

Patient Characteristics
Overall, 161 untreated subjects and 43 treated subjects (100% of HGPS clinical trial subjects) were eligible for analysis. Subject sources are detailed in the online-only Data Supplement Appendix. For matched analysis of untreated versus treated cohorts, sex (P=1.00), continent (P=0.39), and known mutation subgroups (P=0.16) were similar (Table) .
Cause of death was identified for 50 of the 102 deceased untreated subjects and was attributed to CV failure (n=40; 80%), head injury or trauma (n=5; 10%), stroke (n=2; 4%), respiratory infection superimposed on CV disease (n=2; 4%), and complications from anesthesia during surgery (n=1; 2%). Similarly, cause of death in the 5 deceased trial participants was CV failure (n=3; 60%), head injury (n=1; 20%), and stroke (n=1; 20%).
Trial Medication Side Effects
Notable lonafarnib monotherapy-related side effects included the following: (1) mild diarrhea; (2) fatigue; (3) nausea; (4) vomiting; (5) anorexia; (6) transiently elevated aspartate aminotransferase and alanine aminotransferase; and (7) depressed serum hemoglobin. All generally improved with time and are detailed by Gordon et al. 22 Because the combination trial is ongoing, a detailed account of toxicities is not available. However, to date, the most notable side effects include zoledronate-related postinfusion flu-like symptoms, 33 pravastatininduced transient muscle discomfort, and mildly elevated creatine phosphokinase. 34 
Survival Analysis for Untreated Group
Analysis of the full untreated cohort (n=204), including treatment trial participants censored at the time of treatment Subgroup comparisons were conducted, with no significance found (see Table II in the online-only Data Supplement). These included male versus female and known versus unknown genotype. The possibility that general medical advances over time would improve survival for more recent subjects was addressed by comparing subjects born before 1986 with those born on or after 1986 (~50% of subjects). The possibility that healthier subjects would be removed from the untreated cohort as they enrolled in treatment trials was addressed by censoring the entire patient cohort at the clinical trial initiation date, May 2007.
For use in future comparison studies by other investigators, data elements for all subjects are provided (see Tables I and III through V in the online-only Data Supplement).
Association Between Farnesylation Inhibitors and Survival
There were 5 of 43 (11.6%) deaths in the treated group and 21 of 43 (48.8%) deaths in the matched untreated group. Median follow-up from time of treatment initiation in both treatment groups (untreated subjects matched to treated subjects) is 5.3 years (quartiles of 3.3-5.5 years).
Kaplan-Meier estimates demonstrated increased mortality for the untreated cohort over the treated cohort when follow-up begins at age of treatment initiation for the treated patient in the matched pair (age-and sex-adjusted P<0.001; Figure 2B ). Age-, sex-, and continent-adjusted HR for mortality of treated subjects in the matched analysis was 0.15 and therefore positively associated with survival (95% CI, 0.04-0.43). Kaplan-Meier estimates similarly demonstrated increased mortality for untreated when follow-up begins at birth with subjects placed at risk at the age of treatment initiation for the treated patient in the matched pair (P<0.001; Figure 2C ). Time-dependent analyses on patients born after 1991 yielded increased survival with P=0.017 and sex-and continent-adjusted HR=0.28 (95% CI, 0.10-0.79; Figure 3) .
During the first 6 years after treatment initiation for the treated patient in the matched pair, extension in mean survival with treatment was 1.6 years, with a 95% CI of 0.8 to 2.4 years (P<0.001). There was a 33% increase in Kaplan-Meier area under the curve for treated versus untreated. To account for potential confounding variables within comparisons between untreated and treated cohorts, a sensitivity analysis that either excluded or censored specific subjects was conducted as follows. Two prospective subjects could not enroll because of health issues and were omitted from the untreated group. Five trial subjects taking recombinant growth hormone were omitted from the treated group. Clinical trial subjects did not generally receive clinical care at the trial hospital site, because clinical care was the responsibility of the subjects' home physicians. However, 1 trial patient received clinical care from the clinical trial group starting at age 18.4 years because of urgent clinical need while at the trial site. This subject returned home after care was completed and subsequently passed away at home at age 20.3 years. To account for this trial site clinical care, sensitivity analysis was performed where this patient was censored at age 18.4. Other than these variables, there were no known differences between subjects who enrolled and those who did not enroll in the clinical trials. Results of this sensitivity analysis were similar to those described above.
Discussion
This study demonstrates that, without treatment, HGPS survival distribution is stable and independent of sex or medical advances, because males compared with females, as well as pre-1986 compared with post-1986 Kaplan-Meier curves, were similar. This implies that the progerin-associated morbidity is the overriding factor in survival. The quality and quantity of data for the reference population are key to current and future success in assessing changes in survival. Given that the estimated prevalence of HGPS is currently 1 in 18 million, 35 this study captured a significant portion of the population.
This study is the first to demonstrate a positive effect of any treatment on estimated survival in HGPS. Results were Values are shown as n (%). *There were no significant differences when comparing treated versus matched untreated cohorts for sex, continent of origin, birth year, or known mutation subgroups.
†Percentages of known mutations.
by guest on November 30, 2016 http://circ.ahajournals.org/ Downloaded from consistent across 8 different possible confounding variables (sex, continent of origin, mutation status, birth year, medical advances, growth hormone treatment, failing health, trial site clinical treatment), and various analytic methods, strengthening our assertion that farnesylation inhibitors positively influenced patient survival. Because these children die from sequelae of a pervasive premature, progressive form of atherosclerosis, we speculate that extended survival is attributable to CV and possibly cerebrovascular benefits. This premise is supported by secondary outcomes showing evidence for decreased pulse wave velocity, carotid artery wall echodensity, and incidence of stroke, headache, and seizures in subjects treated with lonafarnib monotherapy. 4, 22 Because each treatment trial was sequential and of relatively short duration (2 years on lonafarnib monotherapy and 3.5 years on combination therapy), the analysis did not distinguish individual drug influences on longevity. Because lonafarnib is the drug to which all subjects have been exposed and for the longest period of time in most instances, we speculate that this drug is primarily responsible for the estimated life extension. This speculation takes into account the CV and neurovascular systems being responsible for most deaths and the improvements seen in some CV and neurovascular properties with lonafarnib treatment. To evaluate further whether addition of zoledronate and pravastatin may be beneficial, neutral, or harmful to morbidity and mortality, it will be crucial to compare CV and other clinical changes with combination therapy with those of lonafarnib monotherapy, once the combination therapy trial is completed.
In the treated group 5 of 43 subjects died compared with 21 of 43 in the untreated matched comparison group, both with median follow-up of 5.3 years. Treatment group inclusion was independent of duration of treatment, age, or stage of disease at treatment initiation. The HR of 0.13 indicates that, given a specific point in time, subjects with HGPS receiving farnesylation inhibitors demonstrated an 80% reduction in risk of death compared with untreated subjects. Interpretation of this effect is complicated by the longitudinal nature of the Kaplan-Meier curve and variable treatment times for different subjects. The estimated 1.6 years of extended survival may be conservative because many subjects started treatment late in their disease course and may potentially benefit from earlier initiation of farnesyltransferase inhibitor therapy and given that most subjects were still living at the time of analysis because of the short follow-up time. This is a statistical estimate; it will take ~6 years until a true extension in mean survival can be determined from actual treated cohort age.
This study was limited by the use of an external untreated control group. For HGPS and other ultrarare, fatal pediatric diseases with no known treatments, only single-arm clinical trials have been conducted to date and are therefore the sole source of data to demonstrate safety and efficacy of any potential new treatment. We attempted to address this issue by using a matching statistical analysis and integrating potential confounding variables.
There are no previously established life-extending treatments for HGPS. Farnesylation inhibitors are clearly not curative, because many features of disease persist despite treatment. 22 However, evidence suggesting that survival may be improved by these medications offers a first step in recognizing that treatments aimed at further reducing progerin could thwart its fatal effects. Hazard ratios (HRs) comparing untreated with treated cohorts using matched analyses and time-dependent analysis for patients born on or after 1991. HRs and P values were generated from Cox proportional hazards regression and adjusted for sex and continent. *For each matched pair, follow-up begins at time 0 defined as the age of treatment initiation for the treated patient in the matched pair; HR and P value further adjusted for age at risk. **For each matched pair, follow-up begins at birth, and the patient is placed at risk at the age of treatment initiation for the treated patient in the matched pair; HR and P value further adjusted for age at risk. 
Appendix
CLINICAL PERSPECTIvE
Hutchinson-Gilford progeria syndrome is an ultrarare segmental premature aging disease uniformly resulting in early death from heart attack or stroke. There is no approved treatment and no proven strategy for extending lifespan. Recently, several clinical trials administered drugs that interfere with protein farnesylation aimed at reducing toxicity of the disease-producing protein progerin. We conducted a study to ask whether estimated lifespan is extended as a result of 1 or more these treatments. We first established a robust analysis of an untreated Hutchinson-Gilford progeria syndrome population to generate Kaplan-Meier survival curves that can be used henceforth for treatment comparisons. Survival was distributed normally; the mean was 14.6 years. We then conducted a series of survival comparisons with the treated populations, accounting for age, sex, and 8 additional possible confounding variables. The hazard ratio was 0.13 (95% confidence interval, 0.04-0.37; P<0.001), with median followup of 5.3 years. There were 21 of 43 deaths in untreated versus 5 of 43 deaths among treated subjects. The analysis did not distinguish individual drug influences on longevity. The study provides the first evidence of treatments influencing survival for this fatal disease. Because lonafarnib is the drug to which all treated subjects have been exposed and for the longest period of time in most instances, we speculate that this drug is responsible for the largest proportion of estimated life extension. Farnesylation inhibitors are clearly not curative, because most features, including cardiovascular disease, persist despite treatment. However, this study offers a first step in recognizing that treatments aimed at further reducing progerin could thwart its fatal effects. Overall, 161 untreated subjects were eligible for analysis: 102 deceased and 59 living or lost to followup. Of the deceased subjects, 82 were identified through The Progeria Research Foundation International Registry and Database. Twenty-six of these 82 subjects were also described in published studies. Twenty subjects were identified solely through published studies. Of the 59 subjects living or lost to follow-up, 35 untreated currently living subjects who had not been enrolled in a treatment trial were identified through The Progeria Research Foundation International Registry and Database. Twenty-four subjects were identified from case reports as living at the time of the case report. These subjects were considered lost to follow-up and censored, though publication dates would imply that they are deceased at this time. There was no overlap between these 24 case report subjects and any other subjects included in the study; this was confirmed by comparison between identified cases and properties such as the gender, age, and dates of publication. In summary, there were 34 cases that overlapped between The Progeria Research Foundation International Registry and published articles; 9 cases that overlapped between publications. In addition, 8 articles and the cases described therein were excluded as it was determined that there was too much possibility for overlap. When overlap was 3 identified, the oldest living age or age at death was counted, and the overlapping case report was omitted from the analysis. Not Applicable * To account for potential confounding variables within comparisons between untreated and treated cohorts, a sensitivity analysis which either excluded or censored specific subjects was conducted as follows: Two prospective subjects could not enroll due to health issues and were omitted from the untreated group. Five trial subjects taking recombinant growth hormone were omitted from the treated group. Clinical trial subjects did not generally receive clinical care at the trial hospital site, as clinical care was the responsibility of the subjects' home physicians. However, one trial patient received clinical care from the clinical trial group starting at age 18.4 years due to urgent clinical need while at the trial site. This subject returned home after care was completed, and subsequently passed away at home at age 20.3 years. To account for this trial site clinical care, sensitivity analysis was performed where this patient was censored at age 18.4. Other than these variables, there were no known differences between subjects who enrolled and those who did not enroll in the clinical trials. 
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